Productive infection by human papillomaviruses (HPVs) occurs only in dierentiated squamous epithelial cells in papillomas, condylomata, and low grade intraepithelial neoplasias. Host DNA replication is reactivated in a fraction of terminally dierentiated keratinocytes in benign human lesions and in organotypic raft cultures of primary human keratinocytes (PHKs) transduced with retroviruses expressing HPV-18 E7 oncogene from its native upstream regulatory region (URR). Thus the natural function of E7 protein, which inactivates pRB family proteins, is to induce host genes essential to support viral DNA replication in post-mitotic cells. Using this raft culture model system, we show that HPV-18 URR-E7 induces the universal cyclin-dependent kinase inhibitor p21cip1 protein in a fraction of dierentiated PHKs. Induction is mediated by posttranscriptional mechanisms independent of p53. Double immuno¯uorescence studies demonstrate that, in raft cultures and in laryngeal papillomas, p21cip1 induction and reactivated host DNA synthesis take place in a mutually exclusive manner in PCNA-positive, dierentiated keratinocytes. We suggest that p21cip1 induction eectively blocks unscheduled DNA synthesis reactivated by E7. These results begin to explain the inverse relationship between p21cip1 induction and HPV activities previously observed in a spectrum of benign lesions regardless of HPV types present.
Introduction
Human papillomaviruses (HPVs) infect cutaneous and mucosal human epithelia. More than three dozen genotypes are speci®c for the anogenital tract epithelia, a subset of which also infect the upper aerodigestive tract. HPV-6 and HPV-11 typically cause benign warts (e.g., genital condylomata and laryngeal papillomas) that rarely undergo neoplastic progression. In contrast, a small percentage of infections by HPV-16, HPV-18 and related types can progress to high grade dysplasias and carcinomas (reviewed by zur Hausen and de Villiers, 1994) . In situ analyses of benign lesions and organotypic epithelial raft cultures show that productive infection by either high-risk or low-risk viruses invariably takes place only in squamous epithelia undergoing terminal differentiation. Viral DNA and mRNAs are scarcely detectable in the basal stem or reserve cells and the parabasal transit amplifying cells but increase dramatically in a variable fraction of the upper spinous cells (reviewed by Chow and Broker, 1997) .
In normal squamous epithelia, only the basal and parabasal keratinocytes maintain the ability to divide, while spinous and granular cells are post-mitotic cells undergoing progressive dierentiation, leading to programmed cell death, corni®cation and shedding of the super®cial layer (Fuchs, 1990) . Because HPV DNA replication depends on the host replication machinery (Kuo et al., 1994) , HPV must and indeed does reactivate in dierentiated keratinocytes the host genes necessary for DNA replication. The induction of the proliferating cell nuclear antigen (PCNA), the host DNA polymerase d possessivity factor, is a convenient marker for this virus activity (Demeter et al., 1994) . We have previously demonstrated by [ 3 H]-thymidine incorporation that extensive host chromosomal DNA synthesis also takes place in a subset of the dierentiated cells in benign laryngeal papillomas and in genital condylomata caused by HPV-6 or HPV-11 (Cheng et al., 1995) . We call this host DNA synthesis reactivated in dierentiated cells unscheduled DNA synthesis.
Using retrovirus-mediated gene transfer and the bacterial lacZ gene encoding b-galactosidase as a reporter, we have shown that the HPV-18 and the HPV-11 enhancer-promoter located in the upstream regulatory region (URR) is repressed in the basal cells and is up-regulated during dierentiation in organotypic raft cultures of primary human keratinocytes (PHKs) derived from neonatal foreskin (Parker et al., 1997; Zhao et al., 1997) . In this system, PHKs stratify and dierentiate into a squamous epithelium expressing growth or dierentiation marker genes in manners similar to the native epithelium (Wilson et al., 1992; Cheng et al., 1995; data not shown) . Using the same retrovirus transduction method, we have demonstrated that the expression of HPV-18 E7 gene from the HPV-18 URR does not block epithelial dierentiation. Rather, E7 is necessary and sucient to reactivate the unscheduled host DNA synthesis in a variable fraction of the suprabasal cells. Indeed, [ cells (Cheng et al., 1995) . Evidently the function of the viral oncoprotein E7 is to reactivate the host DNA replication machinery to support viral DNA replication in post-mitotic cells. However, the reason for the heterogeneity in this reactivation in vivo and in vitro is not understood.
This activity of the E7 protein has been largely attributed to its association with and inactivation of the unphosphorylated form of the tumor suppressor retinoblastoma susceptibility protein (pRB) (for reviews, see Schener et al., 1994; Vousden, 1994; Tommasino and Crawford, 1995; Chow and Broker, 1997) . The unphosphorylated pRB protein negatively regulates the activities of the E2F:DP family of transcription factors that are implicated in controlling the expression of genes in cell cycle progression and in DNA replication (for reviews, see Beijersbergen and Bernards, 1996; La Thangue, 1996; Herwig and Strauss, 1997) . pRB is inactivated in late G1 phase via phosphorylation by cyclin dependent kinases that are themselves regulated by inhibitors, including p21cip1/waf1/Sdi1 (for reviews, see Sherr and Roberts, 1995; Harper, 1997) . p21cip1 is transcriptionally activated by another tumor suppressor protein p53 and mediates G1 arrest upon DNA damage (reviewed Cox and Lane, 1995) . p21cip1 is also induced by p53-independent mechanisms during dierentiation in a variety of cultured cells (Sherr and Roberts, 1995) . p53 additionally can mediate apoptosis when inappropriate expression of E2F1 causes S phase entry in growtharrested murine cells (for reviews, see Adams and Kaelin, 1996; Beijersbergen and Bernards, 1996) . A second papillomaviral oncoprotein E6 inactivates p53 (Schener et al., 1994; Vousden, 1994; Tommasino and Crawford, 1995; Chow and Broker, 1997) . Because of these attributes, constitutive expression of the E6 and E7 genes from high risk HPV types from a strong surrogate promoter can lead to immortalization of PHKs in culture and dysregulation of cell growth and dierentiation in epithelial raft cultures (reviewed in Chow and Broker, 1997) . These properties undoubtedly contribute to the ability of these viruses to initiate and promote neoplastic transformation in patient lesions.
Although E7 protein bypasses the normal cell cycle control by pRB, the cyclin-dependent kinases (CDKs) and their inhibitors, p21cip1, is able to interfere with S phase entry and progression via other mechanisms. For instance, it can inhibit cyclin E/CDK2, which targets events downstream of pRB (Strausfeld et al., 1994; Jackson et al., 1995; Ohtsubo et al., 1995; Yan and Newport, 1995; Ogryzko et al., 1997; Leng et al., 1997) . In addition, p21cip1 binds to PCNA directly and inhibits SV40 or HPV origin-based cell-free systems (FloresRozae et al., 1994; Waga et al., 1994; Chen et al., 1995 ; J-S Liu, S-R Kuo; TR Broker and LT Chow, unpublished results). These activities would appear to make p21cip1 a candidate target for down-regulation by HPV, especially in consideration of the up-regulation of p21cip1 mRNA in post-mitotic squamous epithelium in the mouse embryo (Parker et al., 1995) .
In contrast to this expectation, p21cip1 protein was not consistently observed in normal squamous epithelia by immunohistochemical staining El-Deiry et al., 1995; PonteÂ n et al., 1995; Fredersdorf et al., 1996; Inohara et al., 1996; Matsuta et al., 1997; Palazzo et al., 1997; Schmidt-Grimminger et al., 1998) . Rather, we regularly detected p21cip1 protein in a fraction of the dierentiated squamous cells in HPVinfected papillomas, condylomata, and mild and moderate cervical intraepithelial neoplasias. This induction was mediated via post-transcriptional mechanisms and did not correlate with detectable p53 protein. Furthermore, an inverse relationship between p21cip1 protein induction and a high copy number of viral DNA and abundant viral mRNAs was evident (Schmidt-Grimminger et al., 1998) . In this report, we investigated the cause and consequence of these unexpected virus-host interactions by using retrovirusmediated gene transfer to express HPV-18 URR-driven viral oncogenes in PHK raft cultures. We show that the p21cip1 protein induction is dependent on an intact HPV-18 E7 protein and is mediated by posttranscriptional mechanisms as observed in patient specimens. Furthermore double immuno-¯uorescence studies suggest that p21cip1 protein induction effectively inhibits unscheduled DNA synthesis induced by HPV E7 protein in the dierentiated keratinocytes. These novel host-virus interactions begin to account for the heterogeneity of viral activities in vivo and in vitro.
Results

Induction of p21cip1 protein in dierentiated keratinocyte raft cultures in response to HPV-18 E7 expression
To identify the HPV gene product responsible for the p21cip1 protein induction observed in HPV-infected benign lesions, we prepared the previously described vector-only retrovirus and ®ve recombinant retroviruses that express viral oncogene(s) from the HPV-18 URR promoter (Cheng et al., 1995) : HPV-18 E6 (encoding E6 and E6*, a carboxyl terminus-truncated, nonfunctional protein resulting from an intragenic, frameshifting mRNA splice), E7, E6-E7 (encoding E6, E6* and E7), or cDNA E6*-E7 (encoding E6* and E7), or a 3' truncated cDNA E6*-E7(T) (encoding the E6* and carboxyl terminal-truncated E7, neither of which is functional) (Figure 1 ). Uninfected and unselected PHKs and acutely infected and Geneticin-selected PHKs were grown in parallel as organotypic raft cultures without further population expansion. Thus, the observations were representative of mass cultures rather than descendants of a few clonal cells. The results were reproducible in many independent experiments with dierent batches of PHKs.
As described previously, all cultures developed into a strati®ed epithelium consisting of four distinct strata ± the basal, the spinous, and the granular strata and the corni®ed squames. As with native foreskins, the suprabasal cells were positive for the dierentiation markers keratin 1 and keratin 10, and the more super®cial granulocytes were positive for the terminal dierentiation marker pro®laggrin (Wilson et al., 1992; Cheng et al., 1995) (data not shown). In situ hybridization with a probe speci®c for the HPV-18 E6-E7 region con®rmed that viral transcripts were present in all HPV-18 recombinant retrovirus-infected cultures, but not in uninfected or vector-only cultures (data not shown). Furthermore, immunohistochemical staining showed that PCNA was induced in a subset of spinous and granular cells in cultures expressing an intact E7 gene (data not shown, but see Figures 4 and 5), as shown previously (Cheng et al., 1995) .
Reactivity with anti-p21cip1 antibody was examined after antigen retrieval side-by-side with sections from native neonatal foreskin as well as laryngeal papillomas infected with either HPV-6 or HPV-11. In agreement with our previous observations (Schmidt-Grimminger et al., 1998), p21cip1 antibody reactivity was generally not detected in neonatal foreskin (Figure 2g ) despite PCNA positivity in the parabasal cells (data not shown) indicative of adequate antigen preservation whereas, in the HPVinfected papillomas, strong antibody reactivities against p21cip1 and PCNA were observed in a subset of the spinous cells (Figure 2h , and data not shown but see Figures 4 and 5) . A dierent anti-p21cip1 antibody yielded the same patterns of reactivity (data not shown). In all the raft cultures, a very weak p21cip1 antibody reactivity was observed in some of the basal cells (Figure 2d ± f and data not shown), in agreement with a recent study of PHK raft cultures (Steenbergen et al., 1998) . A consistent and strong induction of p21cip1 protein, but in only a fraction of the dierentiated spinous and granular cells, was observed in cultures infected with retroviruses expressing the HPV-18 E6*-E7 cDNA, the E7 gene alone, or the E6-E7 genes (Figure 2a ± c) , in a pattern similar to that in laryngeal papillomas (Figure 2h) . No positive nuclei were observed in spinous and granular cells in raft cultures of uninfected PHKs, nor in PHKs infected with vector-only virus, the E6 virus, or the truncated cDNA E6*-E7(T) virus (Figure 2d ± f and data not shown). These results demonstrate that HPV-18 E7 protein alone is necessary and sucient to induce p21cip1 protein in dierentiated keratinocytes.
p53-independent post-transcriptional regulation of p21cip1 protein expression in normal and in HPV E7-expressing squamous epithelia
To investigate the mechanisms of p21cip1 protein induction in dierentiated cells, the levels of p21cip1 mRNA transcripts in all the raft cultures, along with laryngeal papillomas and neonatal foreskin, were examined by in situ hybridization using an anti-sense 35 S-labeled p21cip1 riboprobe ( Figure 3 , and data not shown). There was only a low or background level of p21cip1 RNA signals in the basal cells of the cultures, and the signals were signi®cantly up-regulated in the spinous and granular cells in a rather uniform manner. This pattern of p21cip1 RNA detection was consistently observed whether or not the cultures were infected with any of the retroviruses (a ± d). The same pattern was also detected in native foreskin and in laryngeal papillomas (e and f). The control, sensestrand probe generated only a background signal (Figure 3g ± h ). These results demonstrate that the induction of p21cip1 RNA is associated with squamous dierentiation in native tissues and in experimental raft cultures, independent of HPV gene expression, and that the presence of elevated levels of p21cip1 protein in the dierentiated keratinocytes is regulated posttranscriptionally. In normal tissues, the protein is put below detection whereas in E7-containing epithelia, p21cip1 protein is induced, but only in a fraction of the p21cip1 mRNA-positive dierentiated cells.
The results just described suggest that the p21cip1 protein induction in raft cultures should be independent of p53, as was concluded for HPV-infected benign lesions. To substantiate this interpretation, we examined p53 antibody reactivity. As before, p53 protein was but rarely detected by immunohistochemical staining in neonatal foreskin (Schmidt-Grimminger et al., 1998) (data not shown). Weak nuclear staining was detected in only some of the basal or parabasal cells of the uninfected or vector-only infected PHK raft cultures. Only in raft cultures infected with the HPV-18 E7 or E6*-E7 containing virus, but not in those infected with E6-E7 containing virus, did we detect p53 protein in the dierentiated cells (Figure 2i ± j and data not shown). The induction of p53 by the E7 gene and its disappearance when both E6 and E7 genes are present have previously been observed in raft cultures of PHKs infected with retroviruses containing HPV-16 oncogenes driven by the constitutive LTR promoter (Blanton et al., 1992) . These observations are consistent with E6-mediated p53 ubiquitinization and its subsequent degradation (Schener et al., 1994) . We conclude that p21cip1 protein was induced in response to HPV-18 E7 regardless of the levels of p53 protein, supporting the notion that p53 is not a major mediator responsible for p21cip1 mRNA or protein induction in the dierentiated cells. Figure 1 Schematic diagrams of the HPV-18 recombinant retroviruses. The relevant sequences of retroviral vector pLJd (top line) and recombinant viruses containing HPV-18 URRdriven viral oncogenes or cDNA (a ± e) are shown (Cheng et al., 1995) . In the HPV-18 genome, the 1.1 kb restriction fragment containing the URR-E6 promoter is contiguous with the E6 gene as shown in clones`a' and`c'. LTR P: promoter in the retroviral long terminal repeat. SV40 P: SV40 early promoter. E6 P: HPV-18E6 promoter. neo: the bacterial neomycin-resistance gene as a selectable marker. To gain an understanding of the simultaneous E7-mediated reactivation of host DNA synthesis and the induction of p21cip1 protein, a DNA synthesis antagonist, in dierentiated keratinocytes by HPV E7, we investigated the localization of cells positive for PCNA, for BrdU incorporation and for p21cip1 protein induction by double immuno¯uorescence studies (IF). Raft cultures of uninfected PHKs, of PHKs infected with retroviruses containing URR-E7, URR-E6-E7 or URR-E6*-E7, and laryngeal papillomas infected with HPV-11 or HPV-6 were examined side-by-side. Single and dual images were captured as described in Materials and methods and in the ®gure legends. All positive signals were strictly nuclear and had distributions identical to those revealed by immunohistochemical staining except that, by IF, p21cip1 protein was largely below the limits of detection in the basal/parabasal cells whereas substantially more cells were positive for PCNA. Nevertheless, the overall concordance demonstrates speci®city of all antibodies used. The results with all three E7-expressing raft cultures were identical. Representative results of two of the three cultures, those of control PHK cultures and of laryngeal papillomas are presented (Figures 4 ± 6 and data not shown).
p21cip1 protein induction in a fraction of the PCNApositive dierentiated keratinocytes in raft cultures p21 was revealed with Texas red and PCNA with uorescein. Omission of either the anti-PCNA antibody ( Figure 4k and l and data not shown) or the antip21cip1 antibody (data not shown) generated only a Figure 3 Constitutive transcription of the p21cip1 gene in dierentiated cells in squamous epithelial tissues. In situ hybridization was conducted with an anti-sense strand p21cip1 riboprobe (a ± f) or a sense-strand probe (g ± h) in formalin-®xed 4 mm sections: (a) uninfected PHK raft culture; (b) HPV-18 E6*-E7(T) virus-infected raft culture; (c and h) HPV-18 E6*-E7 virus-infected raft culture; (d) HPV-18 E6-E7 virus-infected raft culture; (e and g) neonatal foreskin; (f) a laryngeal papilloma infected by HPV-11 low and diuse background signal over the entire tissue. PCNA-positive nuclei were observed in many basal cycling cells in the uninfected PHK cultures (Figure 4h and i) and cultures infected with the HPV-18-E7-containing virus (Figure 4b and c) . Only in the E7-containing cultures was PCNA additionally induced in a large fraction of nuclei in the dierentiated strata (Figure 4b and c) . No p21cip1 positive nucleus was observed in any of the cells in the uninfected cultures (Figure 4g and h) . In contrast, strong p21cip1 protein signals were induced in a fraction of cells in the mid and upper strata in E7-expressing cultures (Figure 4a b, j and k). Thus, the p21cip1 protein levels in the dierentiated keratinocytes were higher than those in proliferating cells, but only when E7 was present. Moreover, virtually all p21cip1 positive nuclei were also positive for PCNA. These results con®rm that p21cip1 protein induction is a response to HPV-18 E7, as PCNA induction in dierentiated keratinocytes is dependent on an intact E7 (Cheng et al., 1995) . However, only a subset of the PCNA-positive nuclei of these dierentiated keratinocytes was also positive for p21cip1 signals (Figure 4a ± c) .
Unscheduled DNA synthesis in a fraction of the PCNApositive dierentiated keratinocytes in raft cultures To examine the eect of p21cip1 induction on DNA synthesis in dierentiated keratinocytes, we exposed the raft cultures to bromodeoxyuridine (BrdU) for 18 h prior to formalin ®xation. The tissue sections were then examined by double IF (Figure 5 ). PCNA antigen was revealed with Texas red and BrdU with¯uorescein. Omission of BrdU from the culture medium generated no signal (Figure 5k and l) . In the dierentiated strata, BrdU-positivity was detected only in E7 expressing raft cultures but not in uninfected PHK cultures (compare Figure 5c and i). BrdU-positive nuclei were also positive for PCNA as expected. However, only a fraction of the PCNA-positive suprabasal cells were also positive for BrdU and this fraction varied amongst dierent cultures (Figure 5a ± c and data not shown) . In contrast, in the basal or parabasal proliferating cell Mutually exclusive patterns of p21cip1 protein-positivity and unscheduled DNA synthesis in raft cultures To search for a possible explanation for the failure of some of the PCNA-positive, dierentiated keratinocytes to replicate chromosomal DNA, we investigated the patterns of BrdU incorporation and p21cip1 protein induction (Figure 6 ). Incorporated BrdU was revealed with¯uorescein and p21cip1 protein with Texas red. As before, p21cip1 was detected in only a fraction of the dierentiated keratinocytes in E7-containing raft cultures (Figure 6a , b, d and e) but was not observed in any of the cells in the uninfected PHK raft cultures (Figure 6j and k). Most revealing was the observation that virtually all the BrdU-positive suprabasal cells were negative for p21cip1 protein and, conversely, hardly any p21cip1-protein positive cells were positive for BrdU. This pattern was observed whether HPV-18 E6-E7 or HPV-E7 alone was present in the cultures (Figure 6a ± f) . Very few cells were positive for both.
Consistent patterns of PCNA, p21cip1, and BrdU antigen reactivities in laryngeal papillomas To validate the above results obtained in our experimental raft cultures, double IF staining was also performed in parallel with freshly excised laryngeal papillomas infected with either HPV-6 or HPV-11. Identical results of either partial colocalization or mutual exclusion were observed for nuclei positive for PCNA, for p21cip1 protein and for BrdU incorporation (Figure 4d ± f, Figure 5d ± f and Figure 6g ± i) . These concordant results demonstrate that epithelial raft cultures faithfully recapitulated the host-virus interactions that occur in vivo. Moreover, the data demonstrate that these interactions are common among both high-risk and lowrisk HPV types, in agreement with our previous studies of papillomas, condylomata, and low and moderate grade cervical intraepithelial neoplasias caused by HPV-6, -11, -16 or 18 (Schmidt-Grimminger et al., 1998). By using PHK raft cultures, we showed that p21cip1 RNA abundance increases during squamous differentiation in the presence or in the absence of HPV gene expression (Figure 3 ). However, p21cip1 protein is not commonly detectable except in benign HPV lesions or when HPV-18 E7 gene is expressed in raft cultures, and this protein induction does not correlate with p21cip1 mRNA nor with p53 (Figures 2 and 3) . These results establish that the accumulation of p21cip1 protein in the experimental squamous epithelia is mediated via post-transcriptional mechanisms. These conclusions are in complete agreement with our extensive investigation of normal squamous epithelia and HPV-infected benign squamous lesions (Schmidt-Grimminger et al., 1998). Furthermore, in vivo and in vitro, p21cip1 protein induction in response to squamous differentiation is relatively low compared to that induced by HPV E7. Indeed, Western blots revealed p21cip1 protein in E7 raft cultures whereas it was below the limits of detection in foreskin and uninfected PHK raft cultures (data not shown). Whether the E7-induced activation is attributable to an increase in mRNA translation or protein stability cannot yet be stated. An induction of cyclins A and E by HPV-16 E7 has been demonstrated in cultured cell lines, resulting in the promotion of cell division (Zerfass et al., 1995) . It is conceivable that the formation of cyclin/CDK/PCNA/p21cip1 complexes (Sherr and Roberts, 1995) may have contributed to the stabilization and accumulation of high levels of p21cip1 protein in the dierentiated keratinocytes that express HPV E7. Post-transcriptional regulation of p21cip1 and of p27kip1, a related CDK inhibitor, has also been demonstrated in cell lines of other lineages (Nourse et al., 1994; Macleod et al., 1995; Schwaller et al., 1995; Zeng and El-Deiry, 1996; Hengst and Reed, 1996; Timchenko et al., 1996) . It is interesting to note that the cyclin/CDK/PCNA/ p21cip1 complexes are disrupted and the p21cip1 mRNA and protein become undetectable in cell lines that constitutively express the high-risk HPV E6 and E7 genes. This has been interpreted that, in cycling cells, p21cip1 expression is transcriptionally regulated Figure 6 Mutually exclusive patterns of p21cip1 protein induction and host DNA synthesis in dierentiated keratinocytes in E7-expressing epithelial raft cultures and in a laryngeal papilloma. Double immuno¯uorescence staining was performed using anti-p21 and anti-BrdU antibodies. Images were captured with a digital camera for the p21cip1 antigen with Texas Red a,d,g and j), and for BrdU with¯uorescein (c,f,i and l). Merged images are shown in the middle column (b,e,h and k). (a ± c) HPV-18 E7 virus-infected raft culture; (d ± f); HPV-18 E6-E7 virus-infected culture; (g ± i); a laryngeal papilloma infected by HPV-11; (j ± l), uninfected PHK culture E7-induced p21cip1 inhibits DNA replication in squamous epithelia Y Jian et al by p53, which is destabilized by the E6 protein present (Xiong et al., 1996) . In contrast, p21cip1 RNA and protein remained high in our raft cultures expressing both E6 and E7, just as in patient specimens (Figures 2, 3, 4 and 6; Schmidt-Grimminger et al., 1998) . These dierences support the notion that dierent mechanisms regulate p21cip1 RNA expression and protein accumulation in HPV-infected, dierentiated keratinocytes and in cycling cells. Interestingly, TGF-b, which stimulates squamous dierentiation (reviewed by Fuchs, 1990) , induces p21cip1 RNA and protein expression in cultured epithelial cells (Elbendary et al., 1994; Datto et al., 1995; Li et al., 1995; Missero et al., 1995) .
Induction of unscheduled DNA synthesis by E7 in postmitotic dierentiated keratinocytes
Double IF studies showed that only a fraction of the PCNA-positive, dierentiated keratinocytes in raft cultures and laryngeal papillomas were positive for p21cip1 protein or for chromosomal DNA synthesis and that the distributions of p21cip1 and BrdU positivity were mutually exclusive. In contrast, in the basal/parabasal proliferating cells, there was a high coincidence of PCNA positivity and BrdU incorporation, while p21cip1 protein was essentially below detection (Figures 4 ± 6) . These results are summarized in Figure 7 . There are at least two possible interpretations of these results. First, the high levels of p21cip1 protein induced by E7 in the dierentiated keratinocytes may have eectively inhibited the unscheduled DNA synthesis before extensive replication detectable by BrdU incorporation took place. Although it cannot be formally ruled out that some of these BrdU-negative cells were de®cient in certain components necessary to support DNA replication, our observation that the transcription of DNA polymerase a, an E2F-responsive gene, was uniformly induced in all the dierentiated cells in both E7-expressing raft cultures and in laryngeal papillomas suggests that other E2F-responsive genes may very well have been coordinately reactivated (W-M Chien, MP Sowden, D-C Schmidt-Grimminger, JN Parker, TR Broker and LT Chow, unpublished results). As an alternative possibility, the E7 protein may have prevented the suprabasal cells from exiting the cell cycle. In this scenario, the p21cip1-positive cells would have been in the G phases and thus negative for BrdU, whereas BrdU-positive cells are in the S phase and therefore negative for p21cip1 protein.
Several considerations favor the ®rst interpretation and contradict the second. First, the spinous cells were morpholigically and molecularly dierentiated and expressed host genes such as keratin 1 and keratin 10, while the more super®cial granulocytes expressed the terminal dierentiation marker pro®laggrin (Cheng et al., 1995; data not shown) . Second, the induction of p21cip1 protein by E7 expressed from the native promoter only occurred in the dierentiated strata but not in the basal layer in vitro or in vivo (Figures 2, 4 and 6) (Schmidt-Grimminger et al., 1998) . The observation that the HPV-18 URR-lacZ and HPV-11 URR-lacZ reporter are expressed only in spinous and granular cells in the 9-day old raft cultures is also consistent with the interpretation that the URR promoter responsible for the viral oncogene expression is dependent on squamous dierentiation (Parker et al., 1997; Zhao et al., 1997) . Third, the levels of p21cip1 protein in these E7-expressing, dierentiated keratinocytes far exceeded those in cycling basal cells, in which p21cip1 was at or below detection (Figures 2, 4 and 6 ) (Schmidt-Grimminger et al., 1998) . In this regard, the relatively low concentrations of p21cip1 protein in cycling cells may account for the ability of E7 to overcome the inhibition of DNA synthesis by p21cip1-mediated inactivation of cyclin E/CDKs (Ruesch and Laimins, 1997; Martin et al., 1998) . Fourth, these p21cip1 protein-positive suprabasal cells contained high levels of PCNA (Figure 4) . In contrast, the uninfected PHK raft cultures or native uninfected epithelia, PCNA was found only in cycling basal or parabasal (Figures 4 and 5) (Demeter et al., 1994; Cheng et al., 1995;  and data not shown). Thus, these raft cultures faithfully emulated productively infected benign papillomas in which the viral oncogenes are expressed in the dierentiated squamous epithelium (Cheng et al., 1995) . Fifth, the doubling time of the basal cells and the transit time from the basal to the Figure 7 Schematic representation of patterns of p21cip1 and PCNA protein induction and DNA replication in uninfected squamous epithelium, in benign HPV lesions, and in HPV-18 E7-expressing epithelial raft cultures. The ®gure summarizes the results presented in this study and our previous studies (Cheng et al., 1995; Schmidt-Grimminger et al., 1998) . In formalin ®xed normal squamous tissues and in uninfected PHK raft cultures, p21cip1 protein is at or below the limit of detection, and host DNA synthesis, as revealed by up to 18 h BrdU incorporation, largely coincides with PCNA positivity and is restricted to parabasal or basal cells. In benign lesions caused by low-risk or high-risk HPVs and in HPV-18 E7-expressing raft cultures, the cycling parabasal or basal cells have similar patterns of PCNA and p21cip1 antibody reactivity and BrdU incorporation as in uninfected tissues. However, in the dierentiated cells, cells positive for PCNA are either positive for p21 cip1 protein or for BrdU incorporation indicative of DNA replication, but not both. Furthermore, cells positive for DNA synthesis are negative for p21cip1 and vice versa, suggestive of p21cip1 inhibition of unscheduled DNA synthesis reactivated by the E7 protein. In the absence of viral DNA ampli®cation, viral RNA remains low in abundance. In cells in which p21cip1 is not induced, in addition to host DNA synthesis, viral DNA ampli®cation also takes place, leading to abundant viral mRNAs spinous layer of raft cultures were considerably shorter than 24 h. For example, in the 9-day raft cultures, not only were there 7 ± 9 or more layers of live cells, multilayer squames also formed due to programmed cell death and corni®cation of the super®cial cells (see Figure 2) . The 18 h exposure to BrdU should have been suciently long to result in its incorporation into essentially all the cycling cells. Thus, had all the PCNA-positive suprabasal cells been cycling, most if not all would have been positive for BrdU. This was not the case ( Figure 5 ) whereas, in the cycling basal cells, most of the PCNA-positive cells were indeed positive for BrdU ( Figure 5 ). Had the p21cip1 proteinpositive cells recently exited the S phase and been captured in the G phases, they would have been positive for both BrdU and p21cip1 protein. This clearly was not the case either (Figure 6 ).
To verify that the E7-expressing suprabasal cells were not cycling, we exposed duplicate raft cultures to BrdU for 12 h or 30 h prior to harvest on day 9. The mutually exclusive pattern of BrdU incorporation and p21cip protein positivity remained largely unchanged, with very few cells positive for both. That the cells indeed divided several times during this 30 h period was supported by the detection of BrdU positive nuclei in up to 3 or 4 layers of the basal and immediately suprabasal strata of the uninfected PHK cultures (our unpublished data) in contrast to a restricted basal and occasionally parabasal positivity after a 12 h exposure to BrdU. This increase is a result of the continuous presence of cycling cells in the basal stratum and the upward migration and dierentiation of BrdU-positive daughter cells. As before, none of the cells in the control cultures were positive for p21cip1 protein.
Collectively, these data indicate that the mutually exclusive distribution of p21cip1 protein induction and DNA synthesis is not because cycling cells were captured at dierent phases of the cell cycle. Thus, we conclude that the BrdU incorporation is attributed to unscheduled DNA synthesis in post-mitotic cells. Indeed, polyploid cells have previously been detected in benign warts, indicative of chromosomal DNA replication without cell division (Shevchuk and Richart, 1982) .
Inhibition of unscheduled DNA synthesis in dierentiated keratinocytes by high levels of p21cip1 protein Because of the above considerations, we suggest that the post-transcriptional induction of p21cip1 protein to high levels in response to HPV-18 E7 expression inhibits unscheduled DNA synthesis in the postmitotic dierentiated keratinocytes. We infer that p21cip1 protein also blocks viral DNA ampli®cation in benign lesions, in so much as viral DNA replication requires the host DNA replication machinery. When viral DNA failed to amplify, the relative abundance of viral RNA would remain low. This expected inverse correlation between the E7-induced p21cip1 protein induction and viral activities is indeed observed in vivo, (Schmidt-Grimminger et al., 1998) . Our results are in a way similar to a recent report that adenovirus E1A can reactivate DNA synthesis in terminally dierentiated myotubes in vitro (Tiainen et al., 1996) . However, there is at least one dierence in these two systems in that chromosomal DNA synthesis took place in only a fraction of the dierentiated keratinocytes due to p21cip1 induction whereas virtually all the nuclei in the syncytial myotubes were stimulated into the S phase.
One possible mechanism by which p21cip1 protein can inhibit the unscheduled DNA synthesis in the dierentiated cells in vivo and in vitro is by a direct binding to and inactivation of PCNA. A second possibility is it inhibits both PCNA and cyclin E/ CDK2 by sequestering them into inactive quaternary complexes as discussed by Sherr and Roberts, (1995) .
Since cyclin E/CDK2 targets events downstream of pRB, S phase entry would be prevented despite the ability of E7 to circumvent the need for pRB phosphorylation (Harper, 1997) . A third possible mechanism is the inhibition of the transcriptional activity of E2F factors by p21cip1 (Dimri et al., 1996) . This last possibility is not likely because of the uniform transcriptional induction of the DNA polymerase a, an E2F-responsive host gene, in dierentiated keratinocytes, as described already. A direct interaction between the E7 protein and p21cip1 protein in vitro has been reported, and a large amount of GST-E7 can restore SV40 cell-free replication inhibited by exogenously added p21cip1 protein (Funk et al., 1997; Jones et al., 1997) . However, our data in raft cultures and in patient specimens suggest that such high levels of E7 occur only in exceptional cells in the dierentiated squamous epithelia. Otherwise, it would have resulted in a high frequency of colocalization of p21cip1 protein and BrdU in the dierentiated cells as well as a coincidence of p21cip1 protein and a high level of viral DNA and RNA in patient specimens. Neither was observed (SchmidtGrimminger et al., 1998) (Figure 7) . Presently, it is not understood why p21cip1 protein induction occurs in only some of the PCNA-positive cells. On the other hand, had the induction been complete, vegetative viral DNA replication would have been totally inhibited.
In summary, by using in situ detection methods, this and our previous studies have uncovered unusual patterns of host protein induction in HPVinfected clinical specimens. Using the raft culture model system, we have determined that the viral E7 gene is responsible. The data indicate that the extensive p21cip1 protein induction in the differentiated keratinocytes constitutes a novel host response which appears to inhibit eectively the unscheduled DNA synthesis reactivated by HPV E7 expression. These novel virus-host interactions begin to provide a molecular interpretation for the inverse relationship between p21cip1 protein induction and viral DNA ampli®cation and RNA transcription and for the long-standing observation that these viral activities are highly variable among neighboring dierentiated keratinocytes. Only cells in which p21cip1 protein is not induced can support viral DNA ampli®cation and have abundant viral RNA, whereas those with high amounts of p21cip1 do not permit viral DNA replication, resulting in low levels of viral RNA (Figure 7) . A more thorough understanding of the post-transcriptional induction of p21cip1 protein may eventually provide a means to explore the natural defence of the host cells to combat HPV infections.
Materials and methods
Tissue specimens
Neonatal foreskins were collected from an area hospital. Freshly excised juvenile laryngeal papillomas were obtained from The Children's Hospital of Alabama in Birmingham. Some of the tissues were incubated with 100 mg/ml of BrdU in DMEM with 10% fetal bovine serum (FBS) for 8 h before ®xation in 10% buered formalin (Sigma) and embedding in paran. Longer incubation resulted in extensive tissue disintegration. Additional specimens were directly ®xed and paranembedded. HPV typing was performed on the paran sections by in situ hybridization with HPV-6 or HPV-11 whole genomic antisense riboprobes to detect total viral transcripts, with high stringency washes as described (Stoler and Broker, 1986) .
Retrovirus-mediated gene transfer
The Moloney leukemia virus-based retroviral vector pLJd and vectors expressing HPV-18 cDNA or genomic DNA have been described (Cheng et al., 1995) (Figure 1 ). Recombinant retroviruses were produced from the amphotropic packaging cell line GP+envAm12 (Markowitz et al., 1988) as described (Cheng et al., 1995; Parker et al., 1997) . High titer amphotropic viruses were used to infect PHKs from neonatal foreskin. The infected PHKs were selected with 400 mg/ml of Geneticin for 2 days. The vast majority of the acutely infected cells survived the 2-day selection with Geneticin, whereas all uninfected cells died after selection. The surviving cells were used immediately to develop raft cultures without further expansion.
Epithelial raft cultures PHKs recovered from neonatal foreskins were grown in Serum Free Medium (Life Sciences-GIBCO) (Wilson et al., 1992) . Passage 2 cells were used for developing epithelial raft cultures as described (Cheng et al., 1995; Parker et al., 1997) . Brie¯y, uninfected PHKs or retrovirus-infected PHKs were seeded on a dermal equivalent which was composed of type 1 rat tail collagen and mouse ®broblasts and placed at the medium : air interface. After 9 days exposure to air, the cultures were ®xed in 10% buered formalin, paranembedded and cut into 4 mm sections. Some raft cultures were incubated in raft culture medium containing 50 mg/ml BrdU for 12, 18 or 30 h before harvest.
Antigen detection Immunohistochemical staining was carried out with the monoclonal antibody against p21WAF1(cip1) (Oncogene Sciences), or p53 (Do7) (Novocastra Laboratories) at dilutions of 1 : 15 or 1 : 50, respectively, using a modi®cation of antigen retrieval (Schmidt-Grimminger et al., 1998) . Monoclonal antibody against PCNA (DAKO) was used as described (Cheng et al., 1995) . Aminoethylcarbazole was used as the chromagen, and the slides were counterstained lightly with hematoxylin. Photomicrographs were taken with an Olympus BH2 microscope under bright ®eld illumination.
For dual immuno¯uorescence involving BrdU, antibody reactivity to PCNA or to p21WAF1(cip1) was revealed by biotinylated secondary antibodies and Texas red fluorochrome-labeled streptavidin (Vector). The sections were reblocked with normal mouse serum and then reacted with uorescein-labeled anti-BrdU monoclonal antibody (Boehringer Mannheim). For the PCNA and p21WAF1(cip1) dual staining, sections were sequentially reacted with anti-p21 antibody, biotinylated anti-rat IgG(H+L) (Vector), and then with Texas red-streptavidin. The sections were then reprobed with anti-PCNA antibody, goat anti-mouse IgG 1 , and then uorescein-anti-goat IgG. Photomicrographs in Figure 5 were taken with a Leitz (Wetzlar)¯uorescence microscope with each area imaged three times, once each with a single ®lter speci®c for Texas red or for¯uorescein, and once with a dual ®lter (Chroma Technology, Brattleboro, VT) to record both signals simultaneously. For Figures 4 and 6 , the images were individually captured using an Olympus IX70 inverted uorescence microscope equipped with a Photometrics Sensys Digital Camera (Tuscon, AZ) and a Ludl ®lter wheel and processed by an IP Lab Spectrum image program. Dual signals were reconstructed by merging individual images.
In situ hybridization
To generate riboprobes to measure p21cip1 transcripts, a segment (nucleotides 1 ± 547) of the p21cip1 cDNA pCepWaf1 (El-Deiry et al., 1993) was subcloned into the pGEM1 vector (Promega). Antisense and sense probes labeled with [
35 S]UTP were synthesized by transcription from the¯anking T7 or SP6 promoter as described (Cheng et al., 1995) and used at 50% saturation. After hybridization, stringent washing was conducted at 768C (Tm-108C) in 0.16SSC. The sections were then dipped into Kodak NTE liquid emulsion and exposed for 6 days before photographic development with D19. The specimens were then photographed under dark ®eld illumination using an Olympus BH2 microscope equipped with a dark ®eld/ bright ®eld dual condenser.
